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D. SELECTION OF DOSE METHODOLOGY

D.1. REVIEW OF INTERNAL DOSIMETRY METHODS

Exposure to radiation can occur from sources of penetrating radiation outsde the body, such as
x-ray machines or indudria radiography sources, or from sources of radioactive materials, such
as plutonium or uranium, that enter the body, locate in an interna organ or organs, and irradiate
the tissues of those internd organs. The problem of caculating the dose depends on many factors
such as the shape of the organ, the type of radiaion, the amount of the depost, and the
digribution of the depost. Each of these individud factors is subject to consderable variability
and difficulty in determining accurately. Once a dose is cadculated, effectivdy communicating
the possible effect of the dose on hedlth requires additiond skill and effort.

The current approach to limiting radiation exposure in the United States is derived from
recommendations in ICRP Publications 26 and 30. The ICRP approach uses the concept of
Committed Effective Dose Equivdent (CEDE) - a cumulative dose, weghted for the
contributions of individua organs, and summed over a 50-year period for workers. Quantities
derived from the CEDE such as the Annud Limit on Inteke (ALI) and the Derived Air
Concentration (DAC) provide operationd limits for workers so that the overdl guiddines will
not be exceeded. The ALI is the activity of a radionuclide that would irradiate a person to the
limit set by the ICRP for each year of occupational exposure. The DAC is found by dividing the
AL by the volume of air inhaled (2,400 nt) in aworking year (2,000 hours) (ICRP 1979).

For internd exposures, determining the dose requires knowledge of the following questions.
> How does the materid get into the body?

» Oncein the body, how quickly doesthe material move to other organs?

> Doesthe maerid in theinitid organ leave the organ or does some remain?

» Oncein an organ, how doesthe materid irradiate the organ and other organs?

» Oncein an organ, how doesthe materia move to other organs?

» Fndly, how doesisthe materid diminated from the bodly if at dl?

Answers to these provide the bass for developing an approach to calculate the dose to organs,
the effective dose equivaent to the body, and interpreting the effects of the dose.

D.1.1. Internal Dosimetry Methods

The methods for edimaing organ dose from interna radionuclides have evolved snce
radioactive materids were discovered and used. Until 1979, ICRP Publication 2 provided the
guiddines and methodology. In 1979, ICRP Publications 26 and 30 changed the basic approach
to limiting radiation, and for internd radionuclides in particular. That gpproach currently remains
the accepted approach in the United States for purposes of regulation. However, progress in al
aeas of radiation effects and the behavior of radionuclides in the body have produced more
recent recommendations on a number of key dements in the process as presented in ICRP
Publications 54, 60 and 66. As for any dynamic area of study, continued improvements in the
underganding of plutonium’'s behavior in the body, improved methods for estimating body
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content, and more accurate mathematicdl models for estimating intake and dose from body
content will evolve,

D.1.1.1. ICRP Publication 2 Methods

The models of ICRP-2 assumed that a sngle organ could be consdered the critica organ; that
the organ retention could be represented by a sngle exponentia term; that the physca
characteridics, such as intake parameters, transfer functions, and tissue size and weight, could be
represented by “Standard Man” data; that organs could be assumed to be spherical; and that
scatered radiation could be ignored. In performing the dosmetry, it was assumed that the
materid was digributed uniformly throughout the organ and that the energy absorbed equaled
the energy emitted. Doses were limited to a specified annual dose to the critica organ.

Intakes of radionuclides were controlled by limiting “Maximum Permissble Concentration”
(MPC) vaues in ar and water for workers so that the annuad dose limit to the critical organ
would not be exceeded. The annua limit on dose to the critica organ applied over a 50-year
intake period so that the limit would not be exceeded even if a radionuclide were taken in
continuoudy over 50 years An asociated limit, cdled the “Maximum Permissble Body
Burden,” was that amount of a materia in the body that would not exceed the annua dose limit
to the critical organ. The ICRP-2 method was in effect and adopted for the Palomares accident.

D.1.1.2. ICRP-30 Models and Methods

The ICRP changed its basic recommendations and revised the system of dose limitation in ICRP
Publication 26 based on rik. This goproach acknowledged the avalability of sufficient
information about the effects of radiation to estimate risk for fatad cancer from a unit dose
equivaent in exposed people and in the risk of serious disease to offspring of exposed people.
The basic recommendations addressed both stochastic effects and nonrstochadtic effects. For
dochagtic effects, such as cancer and hereditary effects, risks are assumed to be directly related
to dose eguivdent with no threshold, meaning that the probability of the effect occurring, rather
than the severity, is related to the dose equivalent. The severity of non-stochadtic effects, such as
cataracts and erythema, varies with dose, usudly above athreshold or minimum dose.

ICRP Publication 30 provided revised dosmetry modds that assume organ retention is
represented by one or more exponential expressions, the critica organ concept no longer applies,
the dose in an organ must consder radiaion emitted by other organs in the body, and the
physical characteristics are represented by “Reference Man” data in ICRP Publication 23 (ICRP
1975). The mode assumes that depostion in an organ is uniform, and that the totd dose is
averaged over the organ.

Under the revised system, dose equivaent limits are intended to prevent non-stochadtic effects
and to limit stochadtic effects to acceptable levels. To meet this end, an annua occupationd limit
of 50 rem (0.5 Sv) to any organ was established (ICRP 1979). For stochadtic effects, the limit on
risk is the same whether the whole body is irradiated or organs are non-uniformly irrediated. This
is accomplished by assgning organ weighting factors, w;, that represent the ratio of the risk for
the effect in an organ to the risk for whole body irradiation. The limit on risk to the whole body
is then determined by summing the contributions for each irradiated organ and is given by:
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where wiHso 7 is cdled the weighted committed dose equivdent or the committed effective dose
equivdent (CEDE), and Hso 1, cdled the committed dose equivdent (CDE), is the totd dose
equivalent averaged over tissue (T) in the 50 years following inteke and is limited to 50 rem
(0.5 Sv). Table D-1 contains the organ weighting factors from ICRP-30.

The dosmetry modd calculates the absorbed dose averaged over the organ mass during 50 years
folowing inteke. It condders each radiaion type and gpplies a radiation weighting factor,
sometimes caled the qudity factor, which has the following vaue:

Q=1 for betaparticles, dectrons and al eectromagnetic radiation.

Q=10for fisson neutrons emitted in spontaneous fisson and protons.

Q=20 for dpha paticles from nuclear transformations, for heavy recoil particles, and
for fisson fragments.

Table D- 1. ICRP-30 Tissue weighting factor s, wy (ICRP 1979).

Weighting
Tissue Factor, wr
Gonads 0.25
Red Marrow 0.12
Lung 0.12
Breast 0.15
Thyroid 0.03
Bone Surface 0.03
Remainder 0.30

0.06 for the organs with the five highest dose.

Additiond modifying factors, not discussed here, that condder irradiation from other organs and
radionuclides are used to cdculate the fina organ dose equivaent.

For inhded radionuclides, the Task Group on Lung Dynamics developed a respiratory tract
moded, which uses the gpproach shown in Figure D 1. That approach considers three classes (D,
W, and Y) of materid based on retention in the degp or pulmonary section of the lung. The
classfication depends on a range of retention hdf-times D < 10 days, 10 days < W < 100 days;
and Y > 100 days. ICRP-30 contains metabolic data for certain chemica forms of the meterias.

The modd defines three regions of depostion: nasa-pharynged (N-P), tracheo-bronchid (T-B)
and pulmonary (P). Fractions initidly deposited in these regions are y.p, Dr.g, and D» and are
based on an aerosol particle sze of 1 mm. As Figure D-1 indicates, each section is divided into
compartments that are associated with clearance pathways and have an established clearance
hdf-time T and fraction F for remova of materid. Compartments a, ¢, and e represent direct
transfer to body fluids, known as the transfer compartment, for further trandfer to other organs or
excretion. Compartment g represents indirect transfer to body fluids through lymph nodes. For
Class Y materid, only some materid is transferred (in compartment i) to other bodily fluids. The
remainder stays indefinitdy in compartment j. Compartments b, d, f and h trandfer materid to the
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Class

T T T
Region Compartment Day F day F day F
N-P a 0.01 0.5 0.01 0.1 001 001
(Dn-p = 0.25) b 0.01 0.5 04 0.9 04 0.00
T-B c 0.01 0.95 0.01 0.5 001 001
(Dr.s =0.08) d 0.2 0.05 0.2 0.5 0.2 0.99
e 0.5 0.8 50 0.15 500 0.05
P f n.a na 1.0 04 1.0 04
(Dp =0.25) g n.a na 50 04 500 04
h 0.5 0.2 50 0.05 500 0.15
L i 0.5 1.0 50 1.0 1000 0.9
i n.a. n.a. n.a. n.a 0.1
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Figure D- 1. ICRP-30 Mode of therespiratory tract (ICRP 1979).
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gastro-intestind tract (Gl tract). Once a radionuclide reaches other organs, its behavior is then
governed by the metabolic model.

The gadtro-intestina tract modd is based on the fraction trandferred from the Gl tract to the
gysemic system (f1). Since f; for Class Y plutonium is 0.00001, ingestion is not consdered
ggnificant for evauation of the Paomares responders and the Gl tract will not be consdered
further.

TRANSFER
COMPARTMENT
a
TRANSFER TRANSFER TRANSFER TRANSFER .
COMPARTMENT COMPARTMENT COMPARTMENT COMPARTMENT%
b c d i :
EXCRETION

Figure D- 2. ICRP-30 Transfer Compartment Modd (ICRP 1979).

Materid that has been trandferred to bodily fluids and other compartments of various tissues are
indicated in Figure D-2, taken from ICRP-30. The time a materid takes to transfer from the
depostion dte is represented by transfer compatment a The clearance hdf-time for this
compartment is 0.25 day unless dstated otherwise. Each tissue that receives the radionuclide will
have one or more compartments with an associated dimination rate. The mode assumes that
there is no feedback, or recycling, of a maeriad to an origind compatment. That means the
model is a one-pass, or pass-through, model. Figure D3 shows the ICRP-30 modd for a Class Y
plutonium aerosol.

Cdculation of the committed dose equivdent (CDE) for a given organ is the sum of the product
of two factors. U, the totd number of transformations of the radionuclide in the source organ (S
over 50-years following intake, and SEE (T- S), the energy absorbed in the target tissue (T),
modified by the qudity factor, for each type of radiation emitted in S. ICRP tables of SEE vaues
are avallable for estimating the committed dose equivaent for an organ.
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Figure D- 3. ICRP-30 Pu Metabolic Modd (ICRP 1979).
Reprint permission requested.

D.1.1.3. ICRP-60 and 66 Methods

Further refinement in the basic recommendations of the ICRP and in certain modds have been
achieved dnce the revisons of ICRP-26 and 30. Mogt notable is a revison of the Respiratory
Tract Model by the Task Group on Lung Dynamics, gpproved by the ICRP and published in
Publication 66 (ICRP 1994). That modd represents an update to ICRP-30 that provides a broader
scope, having been designed not only to evauate secondary limits on intake of radionudlides by
inhaation for aworker, but aso to:

> Provide a redidic framework for modding lung retention and excretion characterigtics in an
individua case, and the resulting lung and systemic organ doses, based on bioassay data;

» Take into account factors such as cigarette smoking and lung disease which influence lung
particle retention;

> Enable knowledge of the dissolution and absorption behavior of specific materids to be used
in the caculation of the lung dose, systemic aosorption and excretion of the materials,

> Apply explicitly to age-dependent members of a population; and

» Cdculae biologicdly meaningful doses in a manne that is condgent with the
morphologicd, physiologicd, and radiobiologicd characteridics of the various tissues of the
respiratory tract.

The ICRP-66 lung modd congsts of three parts.
» A particle deposition modd,

> A particle transport model, and

» A particle absorption modd.

The new lung modd is fundamentaly different from the lung modd published in ICRP-30,
which caculates only the average dose to the lungs. It accounts for the differences in
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radiosengtivity of the respiratory tract tissues, and the wide range of doses they may receive, and
caculates doses to the specific tissues in the respiratory tract.

The respiratory tract is represented by five regions (Figure D4): the nasa and ord passageways
termed the “extrathoracic” (ET) arways, three thoracic regions termed the Bronchid region
(BB); the Bronchiolar region (bb), and the Alveolar-Interditid region (Al, the gas exchange
region); and the lymphatics associated with the extrathoracic (LNgt) and thoracic airways
(LNtH). The modd evduaes the risks of lung and other cancers by cdculaiing the doses
receved by tissues in each of the regions, then summing and weighting those doses to obtain
equivaent doses, and findly gpplying the tissue weighting factors in ICRP Publication 60 (ICRP
1991).

The new modd accommodates caculating the intake of different individuds (adults and
children), dthough that feature is not pertinent to this project. Intake depends on two factors.
inhdability and breathing rate. Inhaability is the ratio of the concentration of particles or gases
in ar entering the respiratory tract to the concentration in ambient or surrounding air. Larger
particles (20 mm and larger) have higher inertia and therefore are not inhded as easlly as smdler
particles under most conditions. The breathing rate depends on age and physca activity. The
mode provides tables of reference vaues of breathing rates for men and women as wel as
children aged 15, 10, 5, and 1 year, and 3 months for different levels of activity. The reference
vadues for adults were developed to Smulate common activity leves in the workplace that
combine periods of dtting and exercise. The “reference mae worker” is assumed to spend 3% of
an 8-hour work period stting and 69% at “light exercise”

Depostion is provided for each of the five regions of the lung for the various categories of
activity and bregthing type — nose or mouith.

The modd contains three clearance pathways. materid in ET; clears by direct means such as
nose blowing; in other regions clearance may be to Gl tract and lymphs or absorption into blood.
Once cleared, particle transport is represented by the modd in Figure D-5 that shows 14
compartments with individud vaues of the paticle trangport rate constant. Absorption into
blood is treated as a two-stage process involving dissociation into materia that can be absorbed
(cdled dissolution) and absorption into blood of soluble materid and materid dissociated from
paticles (cdled uptake). In addressng absorption, the modd uses three materid “Types’: F
(fast), M (moderate), and S (dow). These Types correspond to Classes D, W, and Y of ICRP-30.

The Types are characterized by the amount of depost that enters the blood and an approximate
hdf-life according to the following:

> TypeF: 100% at 10 minutes.
> TypeM: 10% at 10 minutes and 90% at 140 days.
> TypeS: 0.1% at 10 minutes and 99.9% at 7000 days.
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Figure D- 4. Anatomical Regions of the Respiratory Tract (ICRP 1994).
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The dose to each region is determined according to ICRP's generd gpproach of averaging the
dose to target tissue in each region. Target cdls in ET4, ET,, BB, and bb are caculated, and then
modified by a risk gpportionment factor that represents the rative sengtivity of the region to the
whole organ. Findly, the ICRP tissue weighting factors are gpplied.
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Figure D- 5. Compartment Model of ICRP-66 (I CRP 1994).

Assessment of intake presents one of the more difficult problems for estimating organ dose and
the CEDE. Commonly applied methods include in-vitro biocassay of the amount of the materid
excreted, measurements of body content or organ content by externa whole body counting, or
for inhdation or ingestion, edimating the amount of materid in the ar or water usng ar or
water samplers. Each method has its advantages and disadvantages. For this case, the in-vitro
biocassay measurements of urine samples from 1966 and 1967 provided the best available method
for assessing the intake based on a substantial amount of recorded urinary excretion results.

Organ or tissue weighting factors affect the cadculation of committed effective dose equivdent
from the effective dose equivaent for each organ or tissue. The ICRP's 1990 recommendations
(ICRP 1991) provide weighting factors for a number of tissues that were part of the remainder in
the 1979 recommendations of ICRP-26 (ICRP 1979). Table D2 ligts the tissue weighting factors
of ICRP-60 as wdl as those of ICRP-26 for comparison. Substantia differences between the two
sets of weighting factors include a reduction in the bone surface and breast factors by three
times, a 67 percent increase in the thyroid factor, and assgnment of factors for additiond organs,
including the skin of the whole body.
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D.1.1.4. Effect of Respiratory Tract Model on Dose

The differences between the two ICRP modes for the respiratory tract could be expected to
produce differences in estimated doses. During development of the updated respiratory tract
modd, its peformance was tested in detall to determine the affects of various parameters taken
done and in combination. Some examples of the peformance of both sysems provide useful
information about likely differences in edimating both equivdent dose and effective dose
equivaent.

Table D- 2. Tissue Weighting Factors (ICRP 1991).

|CRP Recommendations
Tissue or organ 1979 1990
Gonads 0.25 0.20
Red Marrow 0.12 0.12
Colon 0.12
Lung 0.12 0.12
Stomach 0.12
Bladder 0.05
Breast 0.15 0.05
Liver 0.05
Esophagus 0.05
Thyroid 0.03 0.05
in 0.01
Bone Surface 0.03 0.01
Remainder 30 .052
1A value of 0.06 is applicable to each of the five remaining organs or tissues receiving
the highest equivalent doses.
2 The remainder is composed of the following tissues or organs: adrenals, brain, small
intestine, kidney, muscle, pancreas, spleen, thymusand uterus.

One such evduation, reported by James (James 1994) compared the lung dose equivalent and
effective dose for severd categories of radionuclides, including insoluble dpha emitters, such as
plutonium a Padomares. In those illugrations, James compared doses for intakes of 1 nmm activity
median aerodynamic diameter (AMAD) particles dthough ICRP recommends 5 mm AMAD for
workers. For 1 mm AMAD, Type S (Class Y) 23°Pu, the ICRP-30 and ICRP-66 equivaent dose
per unit intakes were 320 nBv/Bq and 84 nBv/Bq, respectively. The ICRP-66 equivdent dose
was lower by about a factor of 3.8. For 5 mm AMAD particles, ICRP-66 estimated 50 nSv/Bg, or
about 6 times lower. Cdculatiing effective dose for the same conditions, ICRP-30 produced 60
nBv/Bq and ICRP-66 produced 16 nbv/Bq for 1 nm AMAD particles and 9.1 nBv/Bqg for 5 mm
AMAD particles, representing reductions of about 3.7 and 6.5, respectively. Thus, other factors
being equd, the ICRP-66 respiratory tract model can produce equivaent doses that are roughly 3
to 6 times lower for the same intake than the ICRP-30 mode. This difference, attributed to the
modified modd for lung depostion and clearance and revised tissue weighting factors — must be
recognized in evaluating methods for this project.
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D.1.1.5. Intake Assessment

Intake assessment presents one of the more difficult problems for estimating the dose in affected
organs and the CEDE. Commonly applied methods include in-vitro biocassay of the amount of
the materid excreted, measurements of body content or organ content by externd whole body
counting, or for inhaaion or ingesion, edimating the amount of maerid in the ar or waer
using air or water samplers. Each method has it advantages and disadvantages. For the case at
hand, in-vitro bioassay of urine samples provides the best avalable method for assessng the
intake.

This problem is common to the models discussed above. At the present time, ether or both
modds can assg in cdculding an etimate of the intake from knowledge of in-vitro bicassay,
whole body counting, or measurement of ar concentrations. Assessment of inteke using in-vitro
bioassay is the primary method of interest in this case because urine sample results are available
for those who responded.

The modes discussed above provide mathematical expressions, supported by a body of reference
data to determine the amount of a radionuclide that can be excreted. Specid excretion functions
have been derived and are recommended for specific materids (ICRP 1988). In generd, the
amount of a adionuclide excreted in urine per day is related to the amount of radioactivity in one
or more sysemic retention compatments and fractiona trandfer parameters from those
compartments to urine or feces. For plutonium, two specia modds have been developed and are
commonly used. These are the “Jones’ modd and the “Durbin” mode!.

The Jones modd (Jones 1985; Strong and Jones 1989) describes how plutonium excretion in
urine varies with time. The modd is used with the standard intake models (respiratory tract,
gastro-intestind  tract, and direct), and models the materid leaving those modds as going directly
into the four Jones modd compartments. The Jones modd was originaly developed to describe
the excretion rate of plutonium following intravenous injection. However, it has been modified
for use in edimating chronic and acute inhdation and ingestion exposures. The Jones modd is
described by the following expression:

4
Eu- él Fi exp (-kit)
]:

where E, = urinary excretion rate of plutonium at timet, in pCi/d

F;; = fraction of injected activity thet excretes according to exponentiad term j, in pCi/d
per pCi injected.

kji = rate constant for decrease of excretion for exponentia term j, ind'™*.
t=time, d.

The Jones Modd transfer parameters are provided in Table D-3.

A second mode, known as the Durbin Plutonium Excretion Mode (ICRP 1988) performs in a
amilar fashion to the Jones modd. As with the Jones modd, materid leaving the intake modes
(respiratory tract, gastro-intestind tract, and direct) is modeed as going directly to the Durbin
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model excretion compartments. The Durbin modd is characterized by five compatments and
has the following form:

5
Eui= & Foexp (-kot)
=1
= urinary excretion rate of plutonium at timet, in pCi/d
Fp; = fraction of injected activity that excretes according to exponentia term j, in
pCi/d per pCi injected.
rate constant for decrease of excretion for exponentia termj, ind'™.
time, d.

=
3
i n

Table D- 3. JonesMode Transfer Parameters (Strong and
Jones 1989).
Fractiond Excretion
Rate Constant, Rate by Coerartment,

Compartment d?! d
1 558" 10t 475 103
2 442 10° 2.39° 10"
3 380" 10° 855" 10°
4 284" 10° 142" 10°

The Durbin Mode parameters are given in Table D-4.

Table D- 4. Durbin Modd Transfer Parameters (ICRP 1988).

Urine Excretion Fecal Excretion
Excretion Fractiond Rate Congtant, Fractiond Rate Constart,
Compartment Rate, d* dt Rate, d* dt
1 41" 10° 578" 10 6.0 10° 347 107
2 127 103 126" 101 16" 103 1.05° 10*
3 137 10* 1.65° 10 1.2 10* 124" 102
4 30" 10° 231" 10° 2.0 10° 1.82° 103
5 127 10° 1.73° 10* 127 10° 1.73° 10"

D.1.2. Description of Computer Models

Many computer programs have been developed and are avallable for performing the caculations
of the modds discussed above. Currently more programs implement the ICRP-30 system than
the ICRP-66 modd. This comes as no surprise since the ICRP-30 system remains the current
system for regulation of the doses from radioactive materids in the United States. However, one
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objective for this project included the evauation and recommendation or the best caculaion
method. Since ICRP provisons are usudly adopted in the U.S, invedtigating & least one
software program that implemented the most recent approach seemed reasonable. After some
review of the avalable software, three programs were sdected for further sudy — the
Radiologicd Bioassay and Dosmetry Program (RBD) as modified for the Air Force, Code for
Internd Dosmetry (CINDY), and Lung Dose Evauaion Program (LUDEP ver 2.06). This
section provides a general description of each program and some sdlient features. Later sections
discuss the gpproach and results of testing the methods for this report.

D.1.2.1. Radiological Bioassay and Dosimetry Program (RBD)

The RBD software package (ORNL 1993) was developed for the U.S. Army and modified for
the U.S. Air Force (Veson RBD/AF) by Oak Ridge Nationd Laboratory to demondrate
compliance with Federd radiation protection guidance.

The dgorithms within the RBD and RBD/AF programs are the same. The RBD/AF program
contains the following changes and enhancements to RBD:

> Increased number of organs for which committed dose can be calculated.
> Replacement of the “department identifier” input with “base code.”
» Addition of an identifier fidld for gender of individud assayed.

> The display of the adlowable lifetime intake (ALI) for a radionuclide was changed to the
cdculaion of the fraction of the ALI recaived by the individud.

» The format of the committed effective dose report was revised to reflect Air Force reporting
requirements.

The RBD mode implements the ICRP-30 lung modd and a urinary excretion model adapted
from Leggett and Eckerman (Eckerman 1987). The software package was designed to run
interactively on an IBM-compatible persona computer. RBD conssts of a data base module to
manage bioassay data and a computationd module that incorporates dgorithms for estimating
radionuclide intakes from either acute or chronic exposures. These caculated results are based
on the measurement of the worker's rate of excretion of the radionuclide or the retained activity
in the body using the approach contained in ICRP-30. RBD estimates an intake using a separate
file for each radionuclide containing parametric representations of the retention and excretion
functions. These files dso contan dose-per-unit inteke coefficients used to compute the
committed dose equivdent. Computed results derived from bioassay data (estimates of intake
and committed dose equivalent) are stored in separate databases, and the bioassay measurements
used to compute a given result can be identified.

D.1.2.2. Code for Internal Dosimetry (CINDY)

The Code for Interna Dosmetry (CINDY) (v.14) is a menu-driven interactive computer
program that was developed to address the Department of Energy Order 5480.11 and the Nuclear
Regulatory Commisson's Standards for Protection Againgt Radiaion (10 CFR Part 20). The
CINDY software package (PNL 1992) was developed by Pacific Northwest National Laboratory
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to provide the capabilities to caculate organ dose equivaents and effective dose equivaents
using the gpproach contained in |CRP-30.

CINDY supports cdculation of organ dose eguivdents, effective dose eguivadents and
committed effective dose equivaents, interpretation of biocassay data and evaudion of
committed and caendar-year doses from intake or bioassay measurement data.

For inhalation exposures, CINDY uses the ICRP-30 lung model and gpproach for caculation of
organ dose equivdents and effective dose equivdents, which is described in the previous
discusson of the RBD/AF modd. Biokinetic modds are used to edimate intakes based on
bicassay data For inteke and urinary excretion of plutonium, the Jones and Durbin modes are
both available, asin the LUDEP program.

The metabolic and excretion modds availablein CINDY are:

» ICRP-30 Lung mode

» ICRP-30 Gadrointestind (Gl) mode

» ICRP-30 Generd systemic mode

> Jones and Durbin Plutonium Excretion Models

CINDY uses the qudity factors and tissue or organ weighting factors published in ICRP-26.

D.1.2.3. Lung Dose Evaluation Program (LUDEP ver 2.06)

The Lung Dose Evduation Progran (LUDEP) (v. 2.0) is a persona computer program for
cdculaing internd doses udng the ICRP-66 respiratory tract modd. The LUDEP program runs
on an IBM-compatible personal computer in a DOS or Windows environment.

LUDEP was desgned initidly for two agpplications (1) to help the ICRP Task Group examine
the ICRP-66 lung modd (during its proposd stage) in detall, by testing the predictions of
deposition, clearance, and retention againgt experimentd data, and by determining the modd’s
implications for doses to the respiratory tract; and (2) to test the practicdity of implementing the
modd.

LUDEP cdculates doses to al body organs. It includes a bioassay module that dlows
caculaions of excreted activity and retention in the lungs, other organs, and whole body.

The modd contains severd built-in databases, including radionuclide decay data from Oak
Ridge Nationa Laboratory and from ICRP-38; biokinetic models from ICRP-30; and bioassay
functions from ICRP-54. ICRP data are generdly used as the default values within the modd,
athough the user is given the option to input case-specific parameters.

The ICRP-66 mode that is implemented in LUDEP 2.06 was desgned to redigticaly represent
the depostion of inhaled particles in the respiratory tract, the subsequent biokinetic behavior of
inhaled radionuclides, and the doses delivered to the respiratory tract.

The LUDEP code alows the user to input the particle Size of an arborne concentration or intake.
LUDEP dlows the usr to input the characteristic agrosol AMAD (or activity median
thermodynamic diameter - AMTD) for a given arborne concentration or intake. The code
contains a biokinetic modd and organ dosmetry.
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The metabolic and excretion modds availablein LUDEP are:

|CRP-66 Lung model

|CRP-30 Gastrointestind (Gl) model
|CRP-30 Generd systemic model

| CRP-30 Plutonium biokinetic modd

| CRP-54 Durbin Plutonium excretion modd
Jones Plutonium Excretion Modd

VVVVVY

LUDEP dlows usars to choose ether the qudity factors or organtissue weighting factors
published in ICRP-26, or the radiaion weighting factors and organ/tissue weighting factors
published in ICRP-60. The bone dosmetry is a recycding modd with initid upteke onto bone
aurfaces, trandfer from surface to bone volume, and recycling from bone and other tissues to
plasma

D.2. MODEL TESTING AND COMPARISON

Selection of a computer program to support intake and dose assessment required a set of criteria
to guide the testing and evauation process. Criteria based on the ability to peform credible
assessments from the data avalable were a prime objective. That is, the computer tool should
demonstrate an ability to produce credible results with the data from 1966 and 1967. Consdering
dl of this, our approach recognized a need to be able to estimate plutonium intakes from urine
bicassay data, to cdculate committed effective dose equivdents from those intekes, and to
reaedily accommodate the available data without mgor conversion efforts.

D.2.1. Performance Criteria

The mgor task for this project involved an attempt to caculate intake from the urine bioassay
information available. Other data from the response and cleanup operation smply do not exist to
support inteke estimates from ar sampling or other means. Studies performed by JEN for
decades following thet effort offer some data for developing independent intake and dose
edimates usng environmental data Neverthdess the methods for edimating intake of
plutonium by inhdation from the urinary data must be evauated for performance and ease of
use. Peforming the intake assessment usdng this approach acknowledges that dzedble
uncertainties can be expected because the assessments assume the characteristics of reference
man rather than the specific characterigtics of the individud involved.

Cdculation of the organ dose eguivdents and committed effective dose equivadent for each
responder based on the intake must a so meet accepted performance.

Finaly, the sdected method must have data requirements that can be met using the avallable data
with asfew conversions as possible.

These three criteria formed the primary bass for evduaing the peformance of the three
computer programs.

Ease of use provided a secondary factor for evauating each of the three programs. This factor
concentrated primarily on requirements for setting up input data sets and producing output data
and reports that could be manipulated easly for a number of purposes — comparing the results of
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testing the three methods, evauating trends in intakes and doses for selected groups of subjects,
data plotting and report preparation.

D.2.1.1. Performance on Intake Estimates

Review of the documentetion for each of the three methods indicated that al employed generdly
accepted excretion models, i.e., ether the ICRP-54 Durbin modd, or the Jones model, or both.
Implementation of caculation procedures for those excretion modds seemed smilar in that the
goproaches involved solutions to differentid equations to determine the excretion patterns from
estimated intakes.

The common approach among the models involved:
» cdculating aninitid esimate of intake from urine results,
» caculation of the expected urinary output rate (pCi/d or Bg/d),

» comparison of caculated urinary excretion to measured excretion usng a form of daidica
goodness of fit, and

> iteration until asdected caculation error was achieved.

The three methods were initidly tested with an assumed excretion of 0.1 Bg/day (27 pCi/day)
excretion rate @ a series of sampling times after acute inhaéation intake over one year. That is,
for sdlected days, the urinary output of Class Y (Type S) 2*°Pu was set a 0.1 Bg/day. The results
of that tes are shown in Figure D-6. In those tests, LUDEP provided edtimates that were
typicadly about 2 times higher than RBD edimates and about 3.5 times higher than CINDY
esdimates. The committed effective dose equivdents associated with those intekes are shown in
Figure D-7.

Intakes Causing 0.1-Bq/d
Result at Times During Year 1
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Figure D- 6. Intake estimates of the three methods.
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Two of the three models (CINDY and LUDEP) offered options for weighting the measured
reults in peforming the edimate RBD/AF goplied weighting based only on the reative
contribution of multiple bioassay methods, eg., results from urine bicassay and whole body
counting.

CINDY’ s options include:

> Unweighted least squares. The weighting factors are assumed congtant and equa, implying
that the variance isindependent of the magnitude of the measurement.

> Ratio of the means. The weighting factors are assumed inversely proportiond to the expected
vaue (as defined by the unit inteke function). This assumption implies that the variance is
proportiond to the magnitude of the expected vaue.

> Average of the dopes The weighting factors are assumed inversdy proportiond to the
square of the expected value, implying tha the variance is proportiond to the square of the
expected vaue.

> User-defined weights: The user supplies the estimate of the variance for each measurement
vaue. The weighting factors are taken to be the inverse of the supplied variance.

CEDEs Associated with 0.1-Bq/d
Result at Times During Year 1
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Figure D- 7. Estimated CEDE for three methods.
LUDERP offers the following options:
» Uniform absolute errors: The uncertainty values are a constant vaue, K.
» Uniform relative errors. Each uncertainty vaue is a congtant proportion of the data point.

> Sgquare root erors Each uncertainty vaue is a congant multiple of the square root of the
corresponding data point.

> Errorsincluded in data set; The vaues of the uncertaintiesin the data, if known, are used.

» Logarithmic errors Assumes the measured vaues fdl about the true vaue with a log-normd
digtribution.
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In comparing the approaches available in the two models, CINDY’s “unweighted least squares’,
“ratio-of-the-means’, “average-of-the-dopes’, and “user-defined weights’ methods seem to be
roughly smilar to LUDEP's methods using “uniform-absolute errors’, “uniform-relaive errors’,
“square-root erors’, and “errors included in the data set.” This concluson results from
evauation of the discusson on weighting in the CINDY user guide (PNL 1992), summarized
below.

Methods for comparing the estimated vaues with the measured values are based on the basic
formula for weighted least-squares regresson of a linear relationship with zero intercept as
follows

WRX,

g [f e

1

where | estimated intake (pCi for acute intakes and pCi/d for chronic intakes)

w; =  least-squares regression weighting factor.

Xi =  bioassay measurement for the ith data point (pCi/d for excretion and pCi for
retention).

R = fractiord retention or excretion estimate.
n = number of bicassay measurement points.

In CINDY, the four methods for intake edimaion relate to four methods for defining the
weighting fector, w;. ldedly, the weghting should involve the variance of the measurement
vaue (Bevington 1969). Each of the four methods, therefore, involves a particular assumption
about the estimation of the variance.

In generd, the intake esimate from the “user-defined weghts’ method is preferred when the
input weghing factors represent good edimates of the variance of the measurement.
Alternatively, the “ratio-of-the-means’ intake estimate is probably the best estimate because the
weighting is based on an edimate of the variance as proportional to estimated bioassay result.
This method generaly gives better “eyebdl” fit to the bioassay data (PNL 1992).

The unweighted least- squares regresson andysis is expressed by the following equation:

n
[]

a xR

|:i:1

é R2 2

where terms are as previoudy defined. This method may be used when al measurement vaues
ae expected to have dmilar accuracy and dl are ggnificantly above the detection limits of the
measurement method. This method could aso be referred to as “uniform weighting” because dl
weights, w;, are assumed equd in derivation of Equation 2 from Equetion 1.
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The “ratio-of-the-means’ method is based on the assumption that the variance of the expected
vaue is proportiona to the magnitude of the expected vaue. The weghts are expressed as
follows

1
=— 3
W WR ©)
where k is a condant of proportiondity. Subdtitution of Equation 3 into Equation 1 results in the
following expresson for the inteke estimate:

ax
| = i=1
AR @

i=1

As can be seen from this expresson, the intake edimate is just the ratio of the sum of the
measured vaues to the sum of the unit intake function vaues. This is equivdent to the ratio of
the means of the measured vadues and the unit inteke function vaues (proportiond to the
expected vaues), hence, the name “ratio-of-the-means’ method. Note aso that from Equation 4,
the sum of the measured vauesis equd to the sum of the expected vaues:

IR ©®)

Qos

é X, =
i1

i=1

This method is gppropriate when the variance of the measurement is expected to be proportional
to the measured vaue.

The average-of-the-dopes method is derived from Equation 1 by defining the weghts as
inversely proportiond to the square of the unit intake function vaues:

1

W= R (6)
Thereaulting expression for the intake etimate is as follows:.
g%
| =12 R )
n

This expresson gives the average of the ratios of measurement vaue to unit intake function
vaue, which is equivaent to the average of the dopes of the equation

X, =IR ®)

This method is appropriate when the variance of the measurement is expected to be proportiona
to the square of the expected vaue.

The user has the option of identifying the variance for each measurement data point. The fourth
method (user-defined weights) uses this Satigtica parameter as an inverse weight in Equation 1:
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where V; is the user-supplied datisticd parameter vadue for biocassay measurement i. This
method dlows the user to implement dmost any weghting method desred based on
predetermined weights. In evduating the inteke estimate using this method, only the data points
having a defined vaue for V; are used in the caculation.

As an example of the use of the “user-defined weights’ method, consder a set of bioassay data
vaues that includes an edimate of the sandard deviation of the measurement vaue. The user-
defined weights method can be used to provide an inteke estimate based on the variance of the
measurement vaues. To perform the andysds, the reported standard deviations are squared to
provide the vaues for the weights to be entered into the CINDY program. This results from the
assumption that the variance of the measurement is represented by the square of the standard
deviation of the measurement. The code will use the inverses of the squared vaues as weights in
Equation 1 to give an estimate of the intake with variance weighting.

As noted above, sdection of the weighting method and any factors are important for reasonable
results.

A number of cases were deveoped for testing the performance on estimating intekes. The
primary data used were derived from the group of High 26 individuds from the Paomares
folow-up. These were the only cases of data avalable with multiple bioassay measurements
taken over an extended period — 12 to 18 months from the time of the accident. Unfortunatey
even those data raised questions about the actual dates of sampling and exposure, the reliability
of results and other matters. Significant concerns arose from the use of gross dpha counting of
initid samples and the posshility of contaminaion of samples collected on dte (See Section 2
and Appendix B).

Usng the bicassay data for two individuds who each had multiple samples taken, intakes and
associated CEDEs were estimated by LUDEP, CINDY, and RBD/AF. The results indicated the
edimated intekes were highest usng LUDEP, lowest usng CINDY, and intermediate using
RBD/AF. The 50-yer CEDEs were highest usng RBD/AF, while the other two modds
provided lower results—in one case, LUDEP's CEDE was dightly lower than that predicted by
CINDY, with the order reversed in the other case. The greatest difference in predicted CEDE
was a factor of 2.2.

Usng a subset of the bioassay results (dl individuds with sample results grester than 10
pCi/sample from the initid spreadsheet provided by the Air Force), CEDEs were estimated by
RBD/AF, CINDY, and LUDEP. As in the previoudy described case, RBD/AF generdly
predicted higher results, while those of CINDY and LUDEP were more Smilar.

The bioassay reaults for the “High 26" were modeled using CINDY and LUDEP to determine
intakes and CEDEs. When CINDY doses were estimated using the “ratio-of-the-means’ method,
the CINDY CEDEs were higher than those predicted by LUDEP by an average factor of 13.5.
When the “user-defined weights’ method was used in CINDY, the CEDEs exceeded those
predicted by LUDEP by an average factor of 1.5.

For CINDY and LUDEP, the estimated errors from counting, as reported on the data forms, or
recdculated from the raw data on the forms, were used to caculate the datigicd variance, which
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was used as the input vaue in the “user-defined weights’ option for CINDY'; the counting error
itsedf was used in the “errors included in data set” option for LUDEP. The estimated counting
errors involved some inconsstency — they were reported at 95% confidence level for gross dpha
results and a the 68% confidence level for apha spectrometry; this difference was taken into
account n caculaing the variance used in the CINDY *“user-defined weights’ option. Often, the
later results were reported as No Detectable Activity. In that case, a value of 0.009 pCi/day was
assumed for gross dpha reaults, and a vaue of 0.003 pCi/day was assumed for apha
gpectrometry results. The errors in those were set a 25% of the vaue, which may be somewhat
low for theleve of activity.

Using both the CINDY and LUDEP modds, the sample data sets for the “High 26” were input to
edimate CEDEs for each individud, usng firg dl the samples, then excluding those that were
andyzed by gross dpha, which would correspond with the early samples taken ondte. The
results show that the CEDEs ae generdly lower when gross dpha results are excluded,
averaging a 24% or 62% decrease in CINDY results (depending on weighting factor used—see
next paragraph) and a 6% decrease in LUDEP results. This difference between models may be
due to a noted tendency of LUDEP to weight sample results for longer times after exposure more
grongly in cdculations usng multiple biocassay data points.

When gross dpha data were included in the CINDY modd runs, the CEDE using the “ratio-of-
the-means’” method exceeded the CEDE using the “user-defined weights’ method by an average
factor of 13. The CEDE from the “user-defined weights’ method exceeded the CEDE from the
“ratio-of-the-means’ method in only 2 of the 26 cases. When gross dpha data were excluded, the
CEDE from the “rdio-of-the-means’ method exceeded the CEDE from the “user-defined
weights’ method by an average factor of 3.4; in 3 cases the CEDE from the “user-defined
weights’ method exceeded the CEDE from the ratio- of-the-means’ method.

In generd, from other tests, the “user-defined weights’ edimates tended to apply more
significance to measurements teken a longer dapsed times from exposure. Coincidentdly, those
vaues were generdly much lower than the early measurements and had much lower absolute
vauesfor the variance, which was estimated from the counting error.

For LUDEP, smilar comparisons of the performance of the assumed errors options reveded
reesonable agreement among results from the “uniform-absolute errors’, the “uniform-reative
errors’, the “square-root errors’ and the “errors included in the data set” options when applied to
the actua urine results of three of the High 26 Cases Group. Those agreements were achieved for
reasonable values of K (0.25 to 1), and showed agreement within about 50%, which seems
acceptable congdering the nature of the data The logarithmic errors option produced estimates
of intake that were 3 to 4 times higher than the other methods.

For CINDY, the “user-defined weights’ method aso seemed to attribute greater significance to
lower vaues of reaults, yidding lower vaues of intake. In effect, the gpproach seemed to ignore
other measured vaues. After multiple attempts to better characterize CINDY performance and
consultation with its developers (Traub 2000), we concluded that the uncertainty in the estimated
erors themsdves contributed to this performance, and the “user-defined weights’ method was
no longer used. The “ratio-of-the-means’ method, recommended by the CINDY user manua
(PNL 1992), showed reasonable performance and was selected as the method to be used.

When other factors were hed equd, intakes estimated by CINDY (usng the “ratio-of-the-
means’ weighting method) and LUDEP (usng the “errors included in the data set” option)
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agreed to within a factor of two for the mgority of the High 26 Cases Group. Given the
variability of the data, the agreement was deemed reasonable and the performance acceptable for
the type of assessment performed.

D.2.1.2. Performance on Dose Calculations

The performance evduation tested converson of intekes into committed dose equivdent in
organs or tissues and cdculation of committed effective dose equivaents with RBD/AF, CINDY
and LUDEP. Teding the dose peformance involved two separate efforts basc assessments
using assumed intakes, and assessments of selected cases from the High 26 Cases Group.

The basic assessment test consisted of assessments of the same set of Pdomares data derived
from the firg 29 entries in the daa listing (see Appendix B) provided by the Air Force. These
data conssted of sngle urine measurements (generdly of 10 pCi/day or more), collected at the
accident ste during the accident response effort. RBD, CINDY, and LUDEP caculated intakes
and doses for each of the 29 cases. Committed effective dose estimates from the three programs
varied by no more than a factor of about two from the highest dose to the lowest dose estimate
for each case, with RBD/AF generdly giving the highest esimated CEDE; LUDEP yidding the
lowest; and CINDY providing intermediate dose estimates. That LUDEP produced the lowest
doses seems congstent with the findings about its performance discussed above.

The second part of the testing involved actud test cases from two members of the High 26 Cases
Group. Those cases had severd urine measurements taken on sSite and during the follow-up
period. RBD/AF, CINDY, and LUDEP provided estimates of the intake and dose for these two
caes. These cases were caculated with severa variations involving excluson of sdected
urinary measurements for reasons, such as suspected contamination, possible chemica recovery
issues, results below the detection limit, or smply to evauate the behavior of the programs. The
results of these tests confirmed the tendency of the methods to favor urine results with lower
vaues, teken a long times after exposure. Generdly, the CEDEs were highest for RBD/AF,
lowest for LUDEP, and intermediate for CINDY. Agan, results differed by no more than a
factor of two. That performance seems acceptable.

Finaly, CINDY and LUDEP were tested further with the entire High 26 Cases Group. In tests
pardlding the intake assessments, CEDEs were dso edimaed with and without gross dpha
results. LUDEP provided estimates that were about 30% lower than CINDY when gross apha
results were excluded, and from about 30% to 90% lower than CINDY when dl urine
measurements were included. Considering the nature of the data, the results are acceptable.

D.2.1.3. Ability to Satisfy Data Requirements

Parameters required for cadculating estimates of intake from urine biocassay and the associated
dose eguivalents satisfy the modd sdected to peform the task. Computer software that
implements the modds establishes unique processes for satifying the data input needs. The three
computer methods were evduated for the compatibility with avalable urine biocassay data
Primary parameters included the date of exposure, date of sample, radionuclide, type of
exposure, pathway, particle characteridics, lung type or class, results and units, and sample
volume, among others. The requirements of each program are discussed and compatibility with
the available data assessed.

D-23



Palomares Nuclear Weapons Accident Revised Dose Evaluation Report
April 2001

RBD
Data items and that may require assumptions to achieve competibility include:

» Date — Since the Pdomares data reflect exposure due to an incident, rather than a series of
routine monitoring measurements, the date of the exposure incident is required. In some
cases, this will have to be estimated based on the data on each dose data card, such as when a
range is presented. In some cases, the date of exposure and date of sampling recorded on the
dose data cards are the same. Unless adjusted based on additiond information or other
reasonable assumptions, thiswill result in an error during model execution.

» Time —Thetime of exposure does not affect the execution of the modd if it isleft blank.
> Nuclide— Datafor 2*°Pu areinduded in the files of the modd.

> Pathway — Asin the previous studies, inhaation expasure only can be assumed.

> AMAD - Thedefault vaue of 1 mm can be used; rangeis 0.2 to 10 mm.

> Class — For inhdation, >*°Pu can be either Class W or Class Y. If it is assumed that dl 2*°Pu
isin the form of PuO,, then Class'Y should be assumed, per ICRP-30.

» Measurement date — In some cases, this must be assumed due to incomplete data on the
dose data cards.

> Measurement time — The time of messurement does not affect the execution of the modd if
itisleft blank.

> Resault and Units — The results on the dose data cards must be converted to units that are
accepted by the modd. For urindyds, the options are dpmVmL, dpm/day, dpm/sample,
dpm/L, ny/mL, Ba/L, Bg/day.

> MDA — The minimum detectable amount does not gppear to be generdly avalable on the
dose data cards. A vaue could be estimated. The modd will accept azero valuein thisfield.

> Volume — Sample volume is required if results are input in units of dpm/sample; otherwise, it
can be left blank.

» Volume/day — The urinay volume per day is required for execution. The default is 1400
mL; the existing Palomares reports sate that a value of 1200 mL was used as adefaullt.

Overdl, data are sufficiently available or can be reasonably estimated to run the RBD/AF modd
usng the Pdomares internd dose data However, the nature of the available data could result in
potentidly large relaive erors in time from exposure to sampling, which could have a
ggnificant impact on the vdidity of any resulting concdusons as to the inteke and committed
effective dose of a particular individud. It is however, reasonable to assume tha these errors will
average out over the large data set available, leading to conclusions that are more supportable for
the exposure cohort as awhole.

Other modd specific parameters are available as defaults appropriate for the mode within the
program and supporting data files. These seem reasonable or can be readily modified.

CINDY

Mot data items required to peform the cdculations are available and compatible. Those data
items that may require assumptions to achieve compdtibility include:
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> Excretion period — Set to 24 hoursif not specified otherwise.
> Intake mode- Acuteinhaation is assumed; can be changed.

» Date and time of intake — Based on data reported on bioassay cards. Time set to 12:00 PM
gnce no times were reported, however the impact is unimportant for the radionuclide
involved.

> Particlesize — 1 im assumed.

Overadl, data are sufficiently avalable or can be reasonably estimated to run the CINDY mode
using the Pdomares internal dose data. However, the nature of the available data could result in
potentidly large reaive erors in time from exposure to sampling, which could have a
ggnificant impact on the vdidity of any resulting conclusons as to the inteke and committed
effective dose of a particular individud. It is however, reasonable to assume tha these errors will
average out over the large data set available, leading to conclusions that are more supportable for
the exposure cohort as awhole.

LUDEP

Most data items required to perform the cdculations are available and compatible. Those data
items that may require assumptions to achieve compatibility include:

» Intake- Acuteintake by the inhaation pathway can be assumed.
> AMAD —A vaueof 1im can be assumed.

» Absorption Type — This factor introduced in ICRP-66 as F, M, or S for default absorption
vaues corresponding to fast, medium, or dow absorption. Type S, which corresponds to the
Class Y desgnation of PuO-, can be assumed.

» Time after intake (days) - In some cases, this must be assumed due to incomplete data on
the dose data cards.

Overdl, data are sufficiently available or can be reasonably estimated to run the LUDEP modd
usng the Padomares internad dose data However, as with the programs, the nature of the
available data could result in potentidly large reative errors in time from exposure to sampling,
which could have a dgnificant impact on the vdidity of any resulting conclusions as to the inteke
and committed effective dose of a particular individud. It is however, reasonable to assume that
these erors will average out over the large data set available, leading to conclusons that are
more supportable for the exposure cohort as awhole.

The three programs provide adequate data compatibility. LUDEP uses Sl units of becqueres
(Bg) for radioactivity, and deverts (Sv) for dose equivdent. However, converson of units from
picocuries per day (pCi/d) to becquerels per day (Bg/d) can be easily accommodated.

D.2.1.4. Ease of Use

With over 1,500 individud cases potentidly requiring assessment, data input, result output and
other manipulations can impact efficiency. Each progran was assessed for features of
convenience or difficulty that could impact effectiveness.
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RBD/AF
Input features of RBD/AF include:

A data input screen for bioassay data with the choices for sdectable entries for: gender, base
code, assay, reason, nuclide, pathway, AMAD, class, in-vitro assay (messurement date,
measurement time), result (unit — for urine, units can be dpm/mL, dpm/day, dpm/sample, dpniL,
ig/mL, Bg/L, Bg/day), MDA, volume, and volume/day.

The program sores the data in files describing sets of cases, facilities or other convenient means.
This allows data preparation, calculation, and reporting to be conducted as separate activities.

Output features of RBD/AF include:

Edimated intake (in Bg and iCi), esimated intake as a percent of the ALI, ALl (in Bq),
committed dose equivdent (in iSv and mrem, by organtissue), and effective dose (in iSv and
mrem). An optiona graph of excretion rate vs. time can dso be generated.

The summary output report presents, by individua committed dose equivdent (in mrem, by
organvtissue), effective dose (in mrem).

The summary output report is presented in a space-ddimited file, that is easly imported into a
Soreadsheet (with only minor editing required) for manipulation and sorting.

CINDY
Input festures of CINDY include:
Subject identification: name, identification number, SSN, dates of birth, sex, file name prefix.

Subject/Bioassay Measurement-Specific. excluson flag, bioassay type, bioassay radionuclide,
sanple end date and time, excretion period, measured vaue, measurement inverse weighting
factor, measurement unit numerator  (pCi/nCi/dpnVBq), unit denominator type, sample sze and
units.

Subject/Intake Specific: exposure duration, intake mode, begin date and time of intake, end date
and time of intake, particle sze facility, employer a time of inteke, radionuclides of concern,
intake estimate.

Run-Specific. dose report times, dose reporting limits, bioassay projection endpoint, bioassay
projection report times, bioassay projection graph sdlections, text report selections, radiologica
working units options, error tolerances, radionuclide daughter handling, modd sdection, and
moded parameter vaues.

Output features of CINDY include:

> Severd different output reports For the current effort, useful data points are found on the
subject report, which reflects data inputs and normdization, as wel as the intake assessment
summary and dose assessment reports.

> Intake Assessment Report: includes intake edimate, lung modd details, mean resdence time
in each compartment of Gl tract, and urinary excretion model details.

» Dose Asessment Report: includes dose eguivdent, weighting factors, and organ dose
equivdents, by organ; effective dose eguivdent; lung modd deals and systemic mode
details.
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> Optiona display of aurinary excretion curve on the monitor or printed using text characters.

CINDY output formats can be saved in formas that are eadly imported into most persond
computer application software.

LUDEP
» LUDEP includes data input screens for the sequence of caculations necessary to estimate an
acute intake from urine bioassay data that include:

> Intake (acute or chronic, inhdation or ingestion or injection, vaue entered in Bq (acute) or
Bg/day (chronic)), or exposure (concentration in Bg/nT and duration in hours);

Deposition (AMAD (im));

Absorption (F, M, or S),

Radionuclides;

Biokinetic mode,

Quantity to caculate (whole body retention, lung retention, urinary excretion rate, fecd
excretion rate, or specified organ retention);

Function (ICRP-54 function or enter own function);

Number of points. days (in this case) that encompass dl sampling intervals,

Time enter agtart and stop time, in days,

Urine Sample Activity Data time after intake (days), measured activity (Bq), and estimated
uncertainty (if known)

LUDEP does not generate a printable output report. Results are displayed on-screen. The output
for the caculation of intake based on urinary bioassay sample data provides a best estimate of

intake (Bg), standard error of intake (Bq), 95% confidence limit on intake, chi square test
datistic, and probability.

LUDEP operates solely as an interactive, desktop program that requires substantial effort to set
up and operate. Input parameters can be established for exposure scenarios, saved in files, and
used for multiple cases. Organ dose results can be saved to files, as can urine excretion data
Overdl, LUDEP does not provide the reporting convenience of RBD or CINDY .

YV V V VY V

YV V V VY

D.2.2. Sensitivity of parameters

Edtimated intakes and associated doses depend on the sdlection of the various input parameters
and data. These parameters determine how the intake, biokinetic, and excretion models treat the
characteristics of each case. Some of those parameters depend on the characteristics of the
exposure scenario, while others depend primarily on the models themsdves. In the latter case,
ICRP provides recommended vaues for many of these parameters based on caculating estimates
for reference man.

D.2.2.1. Time from Exposure to Sampling

Exposure daies and sampling dates in Paomares records have subgantia uncertainty. When
recorded, the data are quite specific. When not recorded, or when several samples were collected
on different dates, determining a representative acute exposure date can involve an dement of
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subjectivity. This issue dso relates to determining the type of exposure — acute or continuous —
as discussed in the next section. The effect of the time between exposure and sampling on
edimated inteke was assessed with a dmple test that varied the time only for a fixed urine
excretion vaue. The time values were varied in increments of one month for a period of two
years. Estimated intakes from CINDY varied from 15% for the firs month to 7% for the second
and third months with a total decrease of 18% over the two-year period. LUDEP results
decreased by 5% at one month to 2% a the second month with a total decrease over the first year
of 12%. At word, the differences during the first 30 days should be less than 15 % for CINDY
and about 5% for LUDEP.

D.2.2.2. Use of Multiple Bioassay Measurements.

Multiple bicassay messurements affect the edimated intake primarily through the process of
obtaining the best fit of the caculated expected vaues of excretion to the measurements. Testing
the methods showed that the sdection of weighting factors in CINDY (erors in data sets in
LUDEP) could have subgtantid effect on the intakes. The variations in those were discussed in
Section D.2.1.1. The methods performed acceptably within the boundaries of the expectations for
the available data

D.2.2.3. Particle Size

Usng LUDEP, the esimated intekes of inhded ?°Pu particles of different AMADs were
compared. In one test, the series of bioassay results for one individua were input usng AMADs
of 0.5, 0.6, 0.7, 0.8, and 1.0 nm. Decreasing the AMAD between 1.0 and 0.5 led to a decrease in
the esimated intake; the difference over the entire range tested was less than 8% of the intake
asociated with an AMAD of 1.0 mm. In another evauation, the organ dose equivadents to organs
were modeled usng AMADs of 1, 25, 5, 7.5, and 10 mm as shown in Figure D-8. In this case,
the organ dose equivaents decreased more than 70% over the range from 1 to 10 nm in 4l
organs except the ovaries and the organs of the gastrointestind (Gl) sysem. There was no
change in the doses to the ovaries, and doses to the Gl organs increased from 7 to 23%. Overdl,
there was a decrease of 75% in committed effective dose equivdent (Figure D9) when AMAD
was varied from 1 im to 10 im, and a decrease of 40% when the AMAD was increased from
1mmto5Smm.

These two comparisons indicate that usng an AMAD of 1.0 :min LUDEP leads to the highest
estimated doses, and would therefore be the most conservative edtimate of particle diameter.
ICRP-30 recommended a default AMAD of 1.0 im, but ICRP-66 recommended 5 im as
generdly more representative in occupationa settings in the absence of specific information. The
vaiation of organ dose equivdents and committed effective dose equivdent with particle sze is
acknowledged. A vaue of 1 im AMAD was sdected for modeling calculations as a consarvative
measure.
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Organ Doses Versus Particle Size
LUDEP
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Figure D- 8. Variation of organ dose equivalent with particlesizein LUDEP.
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Figure D- 9. Variation of committed effective dose equivalent with particle size from
LUDEP.
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D.2.2.4. Type of Exposure

The data for some cases indicated possble exposures a severa times during the two to three
months on ste. Evauation of these cases could assume either a Single acute exposure or a series
of exposures smilar to a continuous intake over the time. CINDY provides for either type of
exposure scenario. A quantitative comparison of the two posshble exposure scenarios was
conducted. In all cases attempted, the estimated intake for an acute exposure was higher than the
esimated intake for a continuous exposure, with an average increase of 50% and ranging up to
110%. When the range of exposure dates is reasonably wel known, CINDY vyidds little
difference in the results obtaned by assuming ether an acute (median exposure date) or
continuous exposure. The differences in the two methods (acute vs. continuous) become greater
as more assumptions are required to establish the dates of exposure. The results were very close
when a range of dates was provided, varied sgnificantly when only one date was provided, and
showed the largest variaion when assumptions were required for both the beginning and end of
the exposure period. When only one date was entered on the bioassay data card, significant
(>50%) differences resulted for the acute and continuous estimated intakes for 22 of 30
individuds. The highest difference was an 80-percent increase in edimated intake using the
acute mode. When a range of dates was entered on the bioassay data card, there were no
ggnificant differences in the esimated intakes when ether the acute or continuous approach was
used. When no exposure date was entered on bioassay data card, significant differences occurred
inintakes estimated for saven out of eight individuds, ranging from 70 to 110 percent.

The LUDEP modd as currently configured requires significant additional effort to caculae
continuous exposures when there is a time lgpse between the end of exposure and the collection
date for a bicassay sample. The number of manipulations required to perform this assessment
were manageable for a few cases, however, the method was very unwieldy, and judged error-
prone when gpplied to hundreds or thousands of cases.

In dl comparisons, the estimated intake assuming acute exposure was higher than the estimated
intake assuming continuous exposure, with an average increase of 50% and ranging up to 110%.
These results emphasize the sengtivity of the estimated intake to the exposure date range.

D.3. MODEL ADOPTION

Taking the four factors consdered above, RBD/AF, CINDY, and LUDEP dl provide acceptable
performance on edimating intake, caculating dose, and providing compatibility with the
avallable data LUDEP is somewhat less convenient for manipulaing large numbers of cases and
for generating outputs that can be used in other manipulations, however it implemerts the current
ICRP respiratory tract model.

CINDY and RBD/AF implement the current regulatory sysem of the NRC and DOE for
radiation protection, while LUDEP offers the dternative for applying the respiratory tract mode
and other features of recent ICRP recommendations. CINDY provides somewhat more flexibility
in setup, edtimating intakes, and reporting. Consequently, CINDY was chosen as the primary
method for assessing the Palomares cases. LUDEP was retained as a reasonable aternate that
provides complementary assessments for interesting cases and offers a much-needed point for
comparison of results.
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